Motoneurons receive a robust recurrent synaptic inhibition by ␥-aminobutyric acid and glycine, which activate Cl ؊ channels. Thus, Cl ؊ homeostasis determines the efficacy of synaptic inhibition in the motoneurons. In situ hybridization reveals that the neuronal K ؉ -Cl ؊ cotransporter isoform 2 (KCC2), a major mechanism in maintaining a low Cl ؊ concentration in neurons, is abundantly expressed in the facial, hypoglossal (XII), and spinal motoneurons innervating striated muscle, whereas the dorsal vagal motoneurons (DMVs) controlling smooth muscle exhibited little expression of KCC2. This raises a general interest in the correlation between KCC2 expression and inhibitory postsynaptic potential (IPSP) performance in the native circuits. Intracellular and whole-cell patch recordings revealed that an activitydependent depression of IPSPs and positive shift of IPSP reversal potentials were more prominent in the DMV than in the XII. Cl ؊ influx through Cl ؊ channels was extruded more potently in the XII than in the DMV, suggesting that differences in Cl ؊ extrusion account for these dynamic differences of IPSP. Cl ؊ extrusion was inhibited by either furosemide or an increase in extracellular potassium concentrations. Thus, the rigid maintenance of IPSP and rapid Cl ؊ extrusion in the XII reflects an intense expression of KCC2. KCC2 expression may strongly influence the IPSP depression and functional properties of the motoneurons innervating striated muscles.
Cl
Ϫ channels, resulting in hyperpolarization of the motoneurons. Thus, the efficacy of these inhibitions is largely influenced by intracellular Cl Ϫ concentration ( (1) . The distribution of Cl Ϫ across neuronal membranes is not constant and is reflected in the variety of reversal potentials of Cl Ϫ -mediated inhibitory postsynaptic potentials (E IPSP s) reported in different neurons (2-7). Such differences importantly affect the characteristics of IPSPs, including their capacity to both hyperpolarize and shunt inhibition of postsynaptic neurons (8) . The developmental shift of GABA responses from depolarization to hyperpolarization was first demonstrated in hippocampal neurons (9) . [Cl Ϫ ] i decreases developmentally as a result of changes in such Cl Ϫ regulators as Na ϩ -K ϩ -Cl Ϫ cotransporter (NKCC) isoform 1 and KCC2 (1, 10, 11) . The developmental induction of KCC2 function evokes a marked negative shift in the reversal potential of GABA responses (E GABA ) in mature neurons and promotes fast hyperpolarizing GABAergic and glycinergic postsynaptic inhibition (1, 9, 12) .
In addition to the developmental changes of GABA and glycine responses associated with changes in KCC and NKCC function, GABA type A (GABA A ) receptor-mediated responses differ regionally. In nucleus reticularis thalami neurons, GABAergic IPSPs induce inhibition mainly by shunting rather than by overt hyperpolarization, whereas in thalamocortical neurons, IPSPs are markedly hyperpolarizing (6) . Such differences in GABA action reflect very different E GABA s between thalamocortical and reticularis thalamus neurons. In dorsal root ganglion neurons, the high [Cl Ϫ ] i maintained by NKCC1 causes depolarizing GABA responses (13) . Thus, these regional differences in GABAergic action may indicate variations of [Cl Ϫ ] i regulation across these brain nuclei.
A recent study demonstrated the essential role of KCC in synaptic inhibition. KCC2 knockout mice have severe motor deficits and abnormal neuronal activity of spinal motoneurons and die due to a failure of respiration (14) . Thus, KCC2 is critically involved in the neuronal function of motor neurons innervating striated muscles. In the present study, we evaluated the differences in GABAergic IPSP performance in two groups of motoneurons, one innervating striated muscle and the other controlling smooth muscle, and compared their [ 
Tissue Preparation-Our experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of the Japanese Physiological Society. Wistar rats, 16 -18 days old, were decapitated under anesthesia with pentobarbitone sodium (55 mg/kg, intraperitoneal), and 400-m transverse slices of the brain including the hypoglossal (XII) and dorsal vagal motor (DMV) nuclei were prepared with a microslicer (VT-1000S; Leica, Nussloch, Germany). For whole-cell patch clamp recording, XII and DMV neurons were dissociated as described in our previous report (15) . To assure that the tissue was taken from the XII or DMV nucleus, the micropunches were taken from within the boundaries of the respective nuclei. The resulting isolated neurons retained several original morphological features resembling those described previously for XII and DMV neurons (16 -19) .
Solutions ϩ extracellular solution, KCl was substituted for equimolar NaCl. The micropipettes for intracellular recording were filled with 0.5 M potassium acetate. The patch pipette solution for gramicidin-perforated patch recording contained 150 mM KCl and 10 mM HEPES (pH 7.2 with Tris-base). Gramicidin was first dissolved in methanol to prepare a stock solution of 10 g/ml and then diluted to a final concentration of 100 g/ml for the pipette solution. The gramicidin-containing solution was prepared just before the experiment.
Electrophysiology-For intracellular recording, the electrolyte filling the pipette (50 -80 megaohms) was connected via Ag-AgCl electrode to the input stage of an intracellular recording amplifier (IR283; Neuro Data). IPSPs were evoked by a bipolar electrode placed near the nucleus of interest and activated by electrical pulses (100-s duration) at 32°C to 34°C.
For gramicidin-perforated whole-cell recordings, ionic currents and voltage were measured with a patch clamp amplifier (EPC-7; ListElectronic) as described in the previous report (11) . All experiments on isolated neurons were carried out at room temperature.
Drugs-Drugs used in the present experiments were gramicidin D, 6-cyano-7-nitroquinoxaline-2,3-dione, and D,L-2-amino-5-phosphovaleric acid from Sigma, Pronase from Calbiochem, furosemide from Tokyo Kasei (Tokyo, Japan), and tetrodotoxin from Sankyo (Tokyo, Japan). Rapid change of the external solution was performed with "Y-tube" method described previously (20) .
Statistical Analysis-The data were presented as the means Ϯ S.E., with n equal to the number of cells studied. Differences between the groups were analyzed for statistical significance using Student's t test. Values of p Ͻ 0.05 were taken as the standard for a significant difference.
In Situ Hybridization-Frozen sections of brainstem from 16-day-old Wistar rats were prepared for in situ hybridization. To detect the KCC2 transcript, a 189-bp cDNA fragment of rat KCC2 (GenBank TM accession number U55816; position 197-385) was amplified by reverse transcription-PCR from adult rat cerebral RNA (5Ј primer, TTCATCAACAG-CACGGACAC; 3Ј primer, CTTCTTCTTTCCGCCCTCAT). Digoxigeninlabeled cRNA was used, and in situ hybridizations were performed as described previously (21) .
RESULTS

KCC2 mRNA Expression among Motor Neurons-KCC2 is a neuron-specific K
ϩ -Cl Ϫ cotransporter involved in active Cl Ϫ extrusion (22) . We assessed the expression levels of KCC2 among XII, facial nuclei, and spinal ventral horn as well as the DMV by in situ hybridization in rats ( Fig. 1 ). KCC2 mRNA was expressed abundantly in very large neurons of spinal ventral horn, XII, and facial nuclei, whereas KCC2 expression is low in the DMV. This result supports the general hypothesis that motoneurons innervating striated muscle express KCC2 intensely.
To examine whether the diversity of KCC2 expression correlates with the difference in Cl Ϫ homeostasis and IPSP performance between the two sets of motor neurons, electrophysiological approaches were employed on XII neurons and the DMV.
Differential Patterns of IPSP Depression during Repetitive Stimulation in XII and DMV Neurons-Local field stimulation
evoked GABAergic IPSPs in both the XII and DMV neurons. These IPSPs were isolated pharmacologically by the presence of glutamatergic blockade with 10 Ϫ5 M 6-cyano-7-nitroquinoxaline-2,3-dione and 10 Ϫ5 M D,L-2-amino-5-phosphovaleric acid. Varying membrane potentials induced by passing current through the recording electrode altered the amplitude and direction of the IPSPs. E IPSP s in the XII and DMV neurons were Ϫ73 Ϯ 4 mV (n ϭ 7) and Ϫ64 Ϯ 3 mV (n ϭ 6), respectively (Fig.  2) . These very different E IPSP s (p Ͻ 0.05) occurred despite no differences in the resting membrane potential between XII and DMV neurons (Ϫ63 Ϯ 4 mV (n ϭ 7) and Ϫ62 Ϯ 3 mV (n ϭ 6), respectively).
Repetitive activation of the GABAergic afferents at 3.3 Hz for 30 -60 s evoked characteristically different responses in the two types of neuron. During repetitive stimulation, IPSP amplitude gradually declined to reach a steady value during stimulation (Fig. 2, A and B) in both XII and DMV neurons. However, the degree of decline in IPSP amplitude was significantly greater in DMV neurons (23 Ϯ 7% of the first IPSP; n ϭ 6; Fig.  2B ) than in XII neurons (66 Ϯ 11% of the first IPSP; n ϭ 7; Fig.  2A ).
In the recovery phase, at 20 s after the end of repetitive stimulation (Ͻ1 min), E IPSP averaged Ϫ72 Ϯ 3 mV (n ϭ 7) in XII neurons and Ϫ56 Ϯ 4 mV (n ϭ 6) in DMV neurons (Fig. 2,  C and D ). E IPSP s before and after repetitive stimulation were different in DMV (p Ͻ 0.05), but not in XII (p Ͼ 0.1). Multiple possible mechanisms, such as transmitter release probability and GABA A receptor desensitization, might contribute to this difference in IPSP depression during repetitive stimulation. However, a depolarizing shift of E IPSP could account for the rapid loss of efficacy of the IPSP that was greater in the DMV than in XII neurons. In the presence of 1 mM furosemide, E IPSP shifted significantly to a more depolarized level even in the XII (8.1 Ϯ 3.1 mV; n ϭ 3).
Changes in [Cl Ϫ ] i during Repetitive GABA Applications-To examine the potential mechanisms underlying the differences in E IPSP performance between XII and DMV neurons, we assessed [Cl Ϫ ] i using gramicidin-perforated patch recordings of acutely dissociated XII and DMV neurons. E GABA s were measured using voltage ramps (from Ϫ100 to 0 mV, 2-s duration) applied before and during 10 M GABA application starting from a holding potential (V H ) of Ϫ50 mV (Fig. 3A, right panel) . GABA induced outward currents at a V H of Ϫ50 mV in both XII and DMV neurons (Fig. 3A, left panel) . GABA-induced currents (I GABA s) were eliminated by bicuculline (1 M), a GABA A receptor antagonist, in all neurons. As a result, I GABA was found to be a Cl Ϫ current conducted through GABA A receptors. Cl Ϫ moves through GABA-activated channels according to its electrochemical potential across the membrane. The recovery of the neuron from such fluxes to its resting state occurs due to various means of Cl Ϫ transport. We repetitively applied 10 M GABA to XII and DMV neurons at an interval of 5 min and measured the amplitude of each I GABA . In DMV neurons, the amplitude of I GABA gradually declined, and I GABA was nearly completely depressed at the fifth GABA application (Fig. 3A,  left panel) . In contrast, I GABA was maintained at an almost constant amplitude in XII neurons.
E GABA was assumed to equal the Cl Ϫ equilibrium potential (E Cl ), and this allowed us to calculate the [Cl Ϫ ] i by using the Nernst equation using our measured E GABA and known extracellular Cl (11, 23) . The calculated [Cl Ϫ ] i shifted after each GABA application, but the magnitude of the change was very different between XII and DMV neurons (Fig. 3B) . The changes in [Cl Ϫ ] i between the first and fifth GABA applications were 0.35 Ϯ 0.39 mM (n ϭ 4; p Ͼ 0.1) and 4.4 Ϯ 0.12 mM (n ϭ 4; p Ͻ 0.01) at XII and DMV neurons, respectively. This indicates that although the GABA-associated Cl Ϫ influx leads to a net accumulation of intracellular Cl Ϫ (minimizing the steady-state Cl Ϫ gradient across the membrane), this loaded Cl Ϫ was extruded more effectively across from XII neurons to allow recovery within the 5-min test cycle. However, increasing the rate of repetitive GABA application to 1-min intervals effectively raised [Cl Ϫ ] i even in XII neurons (Fig. 3C, q) . Conversely, decreasing the interval to 20 min allowed DMV neurons to maintain an almost constant [Cl Ϫ ] i (Fig. 3C, E) . To more directly examine the efficacy of Cl Ϫ extrusion, we measured the recovery of E GABA using a defined level of loading Cl Ϫ . Increasing the duration of application of 3 ϫ 10 Ϫ4 M GABA (approximately 1 min) brought E GABA close to V H (Ϫ50 mV) and resulted in diminished GABA responses in both XII and DMV neurons (Fig. 4, A and B, i) . At 5 min after GABA application, E GABA achieved more negative values in the XII than in the DMV (Fig. 4B, ii) . The calculated [Cl Ϫ ] i reduction 5 min after Cl Ϫ loading was significantly greater in the XII (6.36 Ϯ 0.82 mM; n ϭ 7) than in the DMV (2.23 Ϯ 0.91 mM; n ϭ 7; p Ͻ 0.05, unpaired t test). Such results are consistent with the substantial difference in the capacity for Cl Ϫ extrusion in these two groups of neurons.
Furosemide-sensitive and K ϩ -dependent Cl Ϫ Transport-In XII neurons, the amplitude of I GABA was maintained at a constant level during repetitive GABA applications at an interval of 5 min (Fig. 3A, left panel) . However, in the presence of 1 mM furosemide, the amplitude of I GABA decreased rapidly (Fig. 5A, top panel) . This decrease in I GABA resulted from a marked shift of E GABA toward V H (Ϫ50 mV; Fig. 5B, top panel) . At DMV neurons, furosemide also shifted E GABA toward V H (n ϭ 3). These results indicate that furosemide-sensitive Cl Ϫ transport mechanisms play a major role in regulating [Cl Ϫ ] i in both XII and DMV neurons. The differences in Cl Ϫ regulation between both types of neurons could be accounted for by differences in the expression of furosemide-sensitive mechanisms, i.e. cation-Cl Ϫ cotransporters. To verify that a high expression of KCC2 reflects low [Cl Ϫ ] i in XII neurons, we examined the effect of extracellular K ϩ on Cl Ϫ regulation. The efficacy and direction of KCC activity are dependent on the driving force for K ϩ across the membrane (5, 11, 24) . In XII neurons, increasing the extracellular K ϩ concentration ([K ϩ ] o ) from 5 to 30 mM promptly reduced the amplitude of I GABA and finally reversed GABA responses inward at a V H of Ϫ50 mV (Fig. 5A, bottom panel) . E GABA shifted to more depolarized values from Ϫ70 mV with 5 mM K ϩ to Ϫ43 mV at the third GABA application with 30 mM K ϩ in response to the associated reversal of the driving force for Cl Ϫ (Fig. 5B, bottom  panel, q) . However, 20 mM [K ϩ ] o simply reduced the amplitude of I GABA but failed to reverse the GABA response and driving force for Cl Ϫ (Fig. 5B, bottom (Fig. 5B, bottom panel) (Fig. 2, C and D) and E GABA were more negative in the XII than in the DMV. E GABA s measured with the first application of GABA after dissociation were Ϫ81.4 Ϯ 2.8 mV (n ϭ 8) in XII and Ϫ62.2 Ϯ 3.6 mV (n ϭ 8) in DMV. Calculated resting [Cl Ϫ ] i for XII neurons was significantly lower than that of DMV neurons (5.6 Ϯ 0.6 mM (n ϭ 8) and 12.5 Ϯ 1.9 mM (n ϭ 8), respectively; p Ͻ 0.01). However, the different steady-state [Cl Ϫ ] i could not be accounted for simply by differing KCC function. The E Cl driven only by KCC was calculated to be Ϫ85 mV in both types of neurons under our experimental conditions, in which intracellular (Fig. 6A, i) . Thereafter, V H was stepped to Ϫ40 mV. Significant increases of E GABA at 5 min after this voltage jump and in the presence of furosemide were observed in both groups of neurons (p Ͻ 0.01, paired t test; Fig. 6B (26, 27) . In our experiments, we used HEPES-buffered solutions without HCO 3 Ϫ . Thus, HCO 3 Ϫ -dependent Cl Ϫ regulators are likely to be negligible contributors under the conditions of the present studies. In the present study, E GABA was brought close to Ϫ53.3 Ϯ 0.1 mV (n ϭ 3) with 20 mM [K ϩ ] o in the XII neurons (Fig. 5B, bottom  panel) . This value (E GABA ϭ Ϫ53.3 mV) was similar to V H (Ϫ50 mV) and the calculated value of E Cl regulated only by KCC Ϫ4 M GABA gradually decreased I GABA and finally brought E GABA to V H (Ϫ50 mV, B) in both neurons (measured at (i)). Five min later after washing out GABA (ii), an apparent GABA response reappeared, and E GABA was more hyperpolarized than V H in XII (B). (28) .
Relation between Cl
Ϫ Extrusion and KCC2 mRNA Expression-KCC2 is specifically localized to neurons and displays unique functional characteristics, including a lack of swelling activation and a high affinity for external K ϩ (22, 29, 30) . The NKCC isoform expressed in the brain is NKCC1 (31) (32) (33) . In the present study, KCC2 mRNA was more prominently expressed in XII neurons than in DMV neurons (Fig. 1) . On the other hand, the expression level of NKCC1 mRNA was lower in both neuron types (data not shown). The possible mechanisms for the apparent difference in activity of Cl Ϫ extrusion between XII and DMV neurons are: 1) differences in the density of the molecule (KCC2) expressed in the membrane, and 2) differences in the activity of each molecule to extrude Cl Ϫ . The activity of KCC1 is regulated by protein phosphorylation (34, 35) . Whether neuronal KCC, KCC2, is affected by phosphorylation in function is controversial. In Xenopus oocytes, tyrosine phosphorylation does not affect KCC2 function (36) , whereas tyrosine kinase may regulate Cl Ϫ extrusion in cultured hippocampal neurons (37) . Our electrophysiological and in situ hybridization results suggest that the amount of KCC2 expression appears to correlate with the functional activity of Cl Ϫ extrusion. XII neurons possess more active Cl Ϫ extrusion driven by more abundant KCC2 molecules than DMV neurons.
A Variety of IPSP Properties among Neurons-GABAergic and glycinergic IPSP inhibition varies in such properties as amplitude and duration. One of the postsynaptic mechanisms that affect the properties of IPSPs is the difference between membrane potential and E Cl . We observed differing decreases in GABAergic IPSP magnitude during repetitive stimulation in XII and DMV neurons (Fig. 2) (38) , or a desensitization of postsynaptic GABA A receptor (39, 40) . However, the present study suggests that greater subsynaptic [Cl Ϫ ] i (decreased driving force) brought about by less Cl Ϫ extrusion (less KCC2) might contribute to rapid IPSP depression in the DMV because KCC2 is well colocalized with GABA A receptor in the neurons (29) .
Differences in excitable properties between DMV and XII motoneurons have been reported. DMV neurons control smooth muscle activity with a transient K ϩ current, resulting in a long after hyperpolarization, thus leading to a slow reduction of the firing rate. On the other hand, XII neurons innervating striated muscle lack this transient K ϩ current, and this favors a higher frequency firing without any delay upon depolarization (41) . In the study using KCC2 knockout mice, KCC2 is vital for motoneurons to maintain normal striated muscle activity (14) . In the present studies, XII neurons with more KCC activity displayed more hyperpolarization of GABAergic responses and less depression of IPSP during repetitive GABAergic afferent stimulation than DMV neurons. Together with high expression of KCC mRNA in facial and spinal motoneurons, a larger hyperpolarization and less depression of GABAergic IPSPs might contribute to a rapid and constant on-off of firing in motoneurons driving striated muscles.
FIG. 6. Furosemide-insensitive Cl
؊ regulation in XII and DMV. A, I GABA was nearly abolished during repetitive application of GABA in the presence of 1 mM furosemide at a V H of Ϫ60 mV (i), and then V H was immediately altered to a more depolarized level (Ϫ40 mV). Five min after V H change (Ϫ40 mV), we observed GABA-induced current and measured E GABA (ii). B, furosemide-insensitive Cl Ϫ regulator shifted E GABA toward V H in both types of neurons (n ϭ 4).
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